Cite this article: Rossetto M, Kooyman R, Yap J-YS, Laffan SW. 2015 From ratites to rats: the size of fleshy fruits shapes species' distributions and continental rainforest assembly. Seed dispersal is a key process in plant spatial dynamics. However, consistently applicable generalizations about dispersal across scales are mostly absent because of the constraints on measuring propagule dispersal distances for many species. Here, we focus on fleshy-fruited taxa, specifically taxa with large fleshy fruits and their dispersers across an entire continental rainforest biome. We compare species-level results of whole-chloroplast DNA analyses in sister taxa with large and small fruits, to regional plot-based samples (310 plots), and whole-continent patterns for the distribution of woody species with either large (more than 30 mm) or smaller fleshy fruits (1093 taxa). The pairwise genomic comparison found higher genetic distances between populations and between regions in the large-fruited species (Endiandra globosa), but higher overall diversity within the small-fruited species (Endiandra discolor). Floristic comparisons among plots confirmed lower numbers of large-fruited species in areas where more extreme rainforest contraction occurred, and recolonization by small-fruited species readily dispersed by the available fauna. Species' distribution patterns showed that larger-fruited species had smaller geographical ranges than smaller-fruited species and locations with stable refugia (and high endemism) aligned with concentrations of large fleshy-fruited taxa, making them a potentially valuable conservation-planning indicator.
Introduction
The source and type of propagules (fruit and seed) and their ability to move into available habitat are critical factors determining the abundance and distribution of plant species [1, 2] . A range of functional and ecological factors can influence dispersal [3] , and trade-offs occur between dispersal mode, dispersal distance, seed mass and seedling survival in different environmental conditions [4] . Here, we focus on how the size of fleshy fruits influences the dispersal potential of rainforest trees and vines, and consequently species' distributions and continental assembly patterns.
Many studies have contributed to the mechanistic understanding of temporal, spatial and phylogenetic variation in seed deposition patterns based on interactions between frugivore behaviour and the distribution of food resources (reviewed in [5] ). While providing important insights into local assembly processes [6] , it has been difficult for these approaches to generalize more broadly and across larger scales. Technical limitations related to tracking seed movements have constrained the interpretation of community-level dispersal patterns to a compilation of components examined individually across different scales. A more integrated picture of the role of dispersal in assembly patterns will only emerge if frugivore-mediated dispersal can be measured as part of a complex process that takes into account both temporal and spatial scales [3, 5] .
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Continental distributions and ecological interactions within and between the Australian rainforest flora and fauna have been unevenly affected by shifting environmental and climatic conditions [7, 8] . Extensive contractions of rainforest vegetation during the Oligo-Miocene and on into the Pleistocene resulted in a considerable loss of vertebrate diversity. Only six functional classes of fruit dispersers remain in Australia with little overlap between birds and mammals [9] . South of the Australian Wet Tropics (AWT) the rainforest contractions resulted in the loss of critical dispersers such as the southern cassowary (Casuarius casuarius johnsonii), the musky rat kangaroo (Hypsiprymnodon moschatus), as well as a general decline in possum diversity [10] . The results of previous genetic and environmental studies on the Australian subtropical flora suggest a reduction in, or loss of, suitable dispersers can have a more significant impact on the local distribution of rainforest trees than habitat availability alone [11, 12] . Investigating if and how constraints on dispersal can explain the discordance between available habitat and species' distribution is an area of increasing global scientific interest, particularly in view of predicted climate change [13] .
DNA-based analyses provide broadly applicable methods for quantifying plant dispersal across varying spatial scales [14] . The maternal inheritance and conserved nature of chloroplast DNA (cpDNA) make it particularly useful for exploring seed-mediated dispersal. However, when using standard analytical tools, these same attributes can also restrict the detection of interpretable genetic signatures [15] . The recent development of approaches that enable the analysis of wholecpDNA genomes provides new opportunities for detecting landscape-level patterns, even in non-model species with low diversity [16, 17] .
Here, we take advantage of a combination of new technologies and unique continent-wide datasets to assess if and how the size of fleshy fruits influences species' distributions and rainforest assembly patterns at local, regional and continental scales. We focus on fleshy fruit size because this measure highlights ecological interactions with animals that can take and disperse whole fruits (including seeds). We first compare local (paired sites), regional (tropics versus subtropics) and continental chloroplast genome variation in two co-occurring Endiandra (Lauraceae) species that produce fleshy fruits and single seeds of different sizes. Our expectation is that if fruit size impacts on dispersal potential, greater among-site genomic distances should be measured in the large-fruited species. We also expect that genomic distance should increase with increasing geographical distance (regional versus continental) in both species.
We then investigate the geographical distribution patterns of 1093 species representing the fleshy-fruited component of the Australian rainforest woody flora. We expect that if the size of fleshy fruits shapes dispersal potential, small-fruited species dispersed by multiple animals should have larger geographical ranges than large-fruited species. In addition, we expect larger-fruited species to be concentrated within temporally stable refugial areas [18, 19] where distribution patterns are regulated by the persistence of a greater variety of vertebrate dispersers or through localized persistence and site-specific dispersal mechanisms [11] .
To our knowledge, this is the first time that the associations between fruit type, dispersal and distributional patterns have been explored simultaneously at species, regional, wholebiome and whole-continent scales. Understanding how fruit type and size influence the dispersal and distribution of species provides important insights into temporal variations in floristic patterns, and can support the development of improved species-and community-level management strategies.
Material and methods (a) Fruit size and chloroplast genome variation
To analyse the influence of fruit size on genetic diversity and connectivity, we compared whole-cpDNA variation in two Endiandra (Lauraceae) species. Endiandra globosa is a tree of up to 30 m in height producing single-seeded black fleshy fruits 35-60 mm wide. It has two major centres of distribution in the subtropics, from the Brunswick catchment in northern New South Wales (NNSW) to southeastern Queensland (SEQld), and in the tropics within rainforest areas from Ingham to Cairns (Qld). Endiandra discolor is a tree of up to 45 m producing single-seeded black fleshy fruits 10-13 mm wide with distribution ranging from Gosford in southern NSW to Mt Lewis (Qld) in the tropics. In order to test variations in genomic diversity within and between regions, each species was sampled from four sites (two in the tropics and two in the subtropics), targeting similar-sized populations located at similar geographical distances (figure 1).
To obtain representations of within-and between-population diversities, total DNA was extracted using Qiagen DNeasy Plant Mini kits with DNA from eight distinct individuals collected for each species at each site. These eight DNA extracts were pooled to prepare genomic libraries for next generation sequencing, following the protocol described in McPherson et al. [16] . Library preparation was in accordance with standard Nextera protocols (Illumina Inc., San Diego, CA, USA), and paired-end (2 Â 150 bp) shotgun sequencing was performed on an Illumina Genome Analyser (GAIIx) by the Ramaciotti Centre for Genomics (University of NSW, Australia).
Chloroplast genome data were assembled from the total DNA shotgun libraries based on the approach described by van der Merwe et al. [17] . To investigate the influence of fruit size on overall diversity and genetic connectivity, single-nucleotide polymorphism (SNP) detection was conducted to obtain relative values of Nei's genomic diversity and genomic distance as described in Rossetto et al. [20] . Further details on sample preparation, molecular analyses and sequencing outcomes are given in electronic supplementary material, tables S1-S3.
(b) Fruit size and species' distributions
Although seed dry mass is generally used as a measure of dispersal because of the strong positive relationship to both reserve mass and diaspore size [21] , here we are interested in how whole fleshy-fruit size can potentially shape seed dispersal and species' distribution patterns. Since the quality and quantity of the pulp found on fleshy fruits can influence what dispersers they attract [22] , we focused our investigations on fleshy fruits that fully enclose the seed and can potentially be ingested as a whole. A total of 1093 species with such fruits were identified in our original full database of 2306 free-standing and climbing woody rainforest plants [7] .
We divided fleshy fruits into two main size groups: less than or equal to 30 mm and greater than 30 mm in width. This cut-off point was chosen because 30 mm is the size of fruits that can be ingested whole by the largest vertebrate dispersers remaining in southern subtropical rainforests, the wompoo fruit dove (Ptilinopus magnificus), topknot pigeon (Lopholaimus antarcticus) and channel-billed cuckoo (Scythrops novaehollandiae; [9] ). In tropical Australia, fruits of up to 40 mm are ingested by other volant dispersers (such as the imperial pigeon; Ducula spilorrhoa) [23] , and even larger fruits can be dispersed by the remaining rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151998 native megafauna representative, the southern cassowary, which has a gape of up to 62 mm [9, 24] . We included counts of wind-dispersed species as a non-fleshy (outlier) comparison group only to provide additional insights into the continental rainforest flora and the relative proportion of distinct fruit types and dispersal modes.
We investigated the relationship between fruit type and size, range size, and the distribution of tree and vine species across the Australian rainforests and within regional areas (figure 1) using the BIODIVERSE software, v. 1.0 (http://purl.org/biodiverse; [25] ). The continent-wide distribution and trait data used were described by Kooyman et al. [7] and aggregated to square 50 Â 50 km grid cells. The mean geographical range size for the small and large fruit size classes were calculated using the number of grid cells containing each species. We also used BIODIVERSE to investigate possible landscape-level correlations between the distribution of large-fruited species and patterns of endemism, where endemism was calculated using the weighted endemism index (WE; [26] ). WE is a rangeweighted richness score where wide-ranging taxa are assigned a lower weight than narrow-ranging taxa, with the weight being calculated as the fraction of the taxon's range that occurs in a sample region. As a range-weighted richness score, WE is expressed in the same units as the number of taxa in each fruit size class.
Finally, we used plot data from subtropical NNSW to investigate the localized distribution of species with large fleshy fruits across local areas with different long-term disturbance histories. Previous floristic, phylogenetic and genetic studies in NNSW suggest that rainforests in the Washpool area have been recently re-colonized from more stable areas to the south (Dorrigo) and north (Nightcap/Border Ranges; [7, 20] ). As a result, we analysed plot data from a previous study (140 plots from Nightcap/ Border Ranges; 127 from Dorrigo; 43 from Washpool [27] ) to explore the potential impact of long-term disturbance events on the local distribution of large-fruited species. We calculated the relative proportion of species with large fleshy fruits in relation to an expected regional average, looking for areas with a significantly larger than expected number using a randomization analysis in which the species were randomly assigned to sites, but where the species richness for each site and geographical range of each species were held constant [28] .
Results (a) Fruit size and chloroplast genome variation
Shotgun sequencing of total DNA produced over 158 500 bp of cpDNA with sufficient coverage (average 139Â) to investigate within-and between-population diversities in the two related and co-occurring species. Pairwise alignment of the E. globosa and E. discolor cpDNA sequences identified a total of 200 indels and 943 fixed SNPs differentiating between species (see electronic supplementary material, tables S1 and S2). The genomic diversity measures obtained were highly informative and directly comparable at all scales within and between species and highlight the power and relative simplicity of this whole-genome approach.
We found higher levels of Nei's genomic diversity overall, regionally and at population level in the small-fruited E. discolor (table 1 and electronic supplementary material,  table S3 ). Levels of genomic diversity were also more consistent throughout the distribution of E. discolor (table 1 and  electronic supplementary material, table S3 ). Genomic distances between regional populations and between regions were higher in the large-fruited species E. globosa, while there were no fixed SNP variants differentiating subtropical sites or regions in E. discolor (table 1) . At the regional level, genomic distances were higher between tropical sites than between subtropical sites for both species, while Nei's genomic diversity was greater for E. globosa in the tropics and for E. discolor in the subtropics (table 1) .
(b) Fruit size and species' distributions
Of the total of 2306 woody Australian rainforest species in the dataset, 433 (18.8%) have wind-dispersed propagules, and 1093 (48.1%) have fleshy fruits that fully enclose the seed. Overall, the proportion of species with large fleshy fruits was low (table 2) . However, while vines had a much higher percentage of wind-dispersed species than trees, trees Figure 1 . Location of collection sites for E. globosa and E. discolor, plus 'Regional map' (as previously described in [7] and and vines had very similar proportions of fleshy-fruited species within each size class. It is unlikely that phylogenetic bias impacts on these results, as fleshy-fruited species were present in 249 genera and 100 families with only 23% of the families shared between trees and vines. Despite large-fruited species representing less than 20% of all fleshy-fruited species, they were present in 56% of all fleshy-fruited families. Finally, even large families with numerous large-fruited species (such as Apocynaceae, Fabaceae, Lauraceae and Myrtaceae) included a wide range of fruit sizes. Larger-fruited species had smaller geographical ranges than smaller-fruited ones (as represented by the number of cells across a continental grid, table 2), with the latter occupying similar ranges to wind-dispersed species. Differences in average geographical ranges spanned by the two size categories (less than or equal to 30 mm ¼ 25.3; more than 30 mm ¼ 12.1) were highly significant ( p , 0.001; t-test).
Geographically, the proportion of large to small fruits varied from north to south (table 3) and from refugial to nonrefugial areas. The proportion of wind-dispersed and of fleshy-fruited species remained stable across regions (except for Tasmania where the wind-dispersed category increased and overall diversity was very low), and the frequency of species with larger fleshy fruits decreased with increasing latitude (table 3) . The proportion of species with large fleshy fruits was particularly high in regions known to include multiple stable refugia: the AWT and Cape York in tropical Queensland, and NNSW in the subtropics (table 3) . Mapped concentrations of species with large fleshy fruits corresponded to regions with high weighted endemism (WE; see electronic supplementary material, figure S1 ).
At local scales, the number of species with large fleshy fruits within NNSW plots is significantly higher within areas that include multiple refugia (Nightcap-Border Ranges N ¼ 21; Dorrigo N ¼ 10), than in re-colonized areas (Washpool N ¼ 5). The proportion of plots containing a number of species with large fruits that is significantly higher than expected was more than double in Nightcap-Border Ranges (7.8% of plots) than in Dorrigo (3.6% of plots), while Washpool had none (0% of plots; figure 2).
Discussion
Seed dispersal by frugivorous species is a crucial component of plant population dynamics with consequences for spatial structure, maintenance of diversity and colonization of new habitats [3] . We found variation in species extent by wholefruit size and then determined the influence of this extent on community assembly across diverse spatial scales. We used an innovative approach that integrated whole-chloroplast genome variation in sister taxa with small and large fleshy fruits, with analyses of the distributional patterns of smalland large-fruited species across the whole of a continental biome. At a continental scale, we showed that species with large fleshy fruits occupied smaller areas than small-fruited species; across and within regions we showed that an Endiandra species with large fleshy fruit displayed greater betweenpopulation genomic divergence than one with smaller fruit; and across three regional refugia in NNSW, we showed that there were disproportionately low numbers of large fleshy-fruited species within more recently recolonized areas.
The distinctive whole-cpDNA signatures detected across the two Endiandra species investigated corresponded to our expectations of differing dispersal potential, with high genomic distances between sites at regional and continental scales for the large-fruited species (E. globosa), and continent-wide cpDNA homogeneity for the small-fruited species (E. discolor; table 1). For E. globosa, high cpDNA heterogeneity at larger geographical scales (including greater genomic diversity in the tropics) suggests that while dispersal might be sufficient Table 1 . A summary of chloroplast genome data for two Endiandra species: reported chloroplast genome length; total number of SNPs (including withinpopulation SNPs and fixed between-population SNPs); Nei's regional genomic diversity (for AWT and NNSW); and genomic distances between regional sites and between regions (calculated following [17] Table 2 . Proportions of rainforest trees and vines with different fruit characteristics, including differently sized fleshy fruits and wind-dispersed fruits as non-fleshy comparison (out of a total of 2306 species). Representation of rainforest trees and vines with fleshy fruits and winddispersed across families (11.6% overlap between trees and vines with fleshy fruits, and 23% with wind-dispersed fruits) and mean distribution area (measured as number of geographical grid cells) of species within different fruit-size groups are also shown. to maintain local population processes, longer distance connectivity is limited. For E. discolor, landscape-level genomic homogeneity confirms efficient range-wide dispersal, with high cpDNA diversity suggesting a scenario of long-term presence and continuing connectivity rather than one of more recent continental expansion [20, 29] .
The current distribution of the Australian rainforest flora is the product of longer-term geological and shorter-term climatic processes [30, 31] . The fossil record suggests that in the Eocene to early Miocene, many species with large fleshy fruits had continent-wide distributions [32] , as did the larger vertebrates capable of dispersing them [8] . During the glacial rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20151998 fluctuations of the Quaternary, an overall decline in moisture shaped the distribution of vegetation by increasing aridity, fire frequency and fire intensity, favouring Eucalyptus intrusions into tropical rainforests as recently as 8 Kya [33] . Climatic fluctuations were particularly intense during the last few glacial cycles [30] causing extreme rainforest contractions and extinctions, especially in subtropical areas [10] . Volant vertebrates that can ingest fleshy fruits less than or equal to 30 mm are widely distributed across Australian rainforests, while those that can potentially disperse larger fruits and seeds are restricted to more tropical latitudes [9] . In both the tropics and subtropics, richness of large-fruited species tends to track overall richness and high endemism (see electronic supplementary material, figure S1), the latter generally acknowledged as an important indicator of environmentally stable refugia [18, 19] . These correlations suggest that these regions maintained high floristic diversity through the climatic extremes of the Quaternary, despite the likelihood that some southern refugia were just too small and/or locally dissected to retain vertebrate dispersers capable of supporting the re-expansion of species with large fruits into newly available habitats [12] .
Areas that were affected by more extreme disturbance events through time are likely to depend on surviving or re-colonizing fauna to facilitate the re-establishment of fleshyfruited species. South of the tropics, where the number of frugivorous vertebrates is limited, local differences in the intensity of temporal climatic fluctuations may therefore be most apparent in the distribution of poorly dispersed (large-fruited) plant species. The floristic comparison among regional NNSW plots presented here substantiates the expectations of greater losses of large-fruited species within areas that have endured more long-term disturbances. The very low number of species with large fruits from Washpool (figure 2) is consistent with a scenario of extreme rainforest contractions followed by recent re-colonization by small-fruited species that are readily dispersed by the available fauna.
It is important to note that the local disappearance of specialized large-fruit dispersers is unlikely to lead to an immediate loss of large-fruited species as other vectors such as bush rats (e.g. Rattus fuscipes and Melomys cervinipes), possums (e.g. Trichosurus spp.) and water can mediate localized dispersal. Previous studies have demonstrated that even within small, environmentally stable refugia, large-fruited species can survive and persist in small populations by relying on localized dispersal [11] . The low genomic divergence measured among subtropical populations of E. globosa (table 1) supports the concept that dispersal by small animals may be sufficient to maintain local connectivity across areas of uninterrupted habitat. Furthermore, although large-fruited species can have relatively large continental ranges that include the tropics and subtropics, we show that they generally occur in localized patchy distributions (table 2) , and, in the case of a large-fruited Endiandra, that connectivity can be relatively low even in areas where the highest numbers of dispersers persist (table 1) .
The genomic findings relate to the comparison of just two species within a single genus, and the assemblage-level data focus on within-region comparisons. However, despite those limitations, our results suggest that large-fruited species are an important target for conservation monitoring, and potentially important for the investigation of a range of evolutionary, biogeographic and ecological processes within rainforests.
When viewed independently of current species richness, our results from refugia in NNSW suggest that the presence of multiple species with large fleshy fruits within fragmented habitats may provide an informative tool for identifying the location of environmentally stable sites, particularly within southern regions. Management strategies aimed at maintaining diversity across all fruit size groups need to be adapted according to regional contexts. For instance, if the Australian subtropical rainforests have survived without megafauna dispersers since the Oligocene or Miocene, persisting populations of large-fruited species will have attained some resilience to change by relying on available smaller dispersers to maintain localized connectivity and expansion potential. However, the fossil record suggests that extinctions of subtropical megafauna were more recent [10, 34] . Within the latter megafauna extinction scenario, an increasing and continuing shift towards small-fruited species (including recent immigrants of Indo-Malesian origin; [20] ) is conceivable. Because large-fruited species are unlikely to expand their range via natural dispersal mechanisms within a fragmented habitat matrix, specific management interventions targeting large-fruited taxa are likely to be necessary. These include population enhancements and assisted migration based on well-informed genetic guidelines [11] . Our results suggest that clearly defining the combined influence of environmental change on large fleshyfruited species and their dispersers will be central to improving interpretations of local evolutionary patterns, and the influence of isolation and vicariance on the Australian rainforest.
Data accessibility. The E. globosa and E. discolor chloroplast genomes generated in this study have been lodged in the GenBank database at NCBI (KT588614-KT588615). All chloroplast sequences aligned to the genomes are available through Dryad: http://dx.doi.org/10. 5061/dryad.rm5dr.
